Aim The aim of this study was to assess the predictive role of biomarkers, associated with cardiovascular stress and its neuroendocrine response as well as renal function, in relation to mortality and risk of re-hospitalization among consecutive patients admitted because of heart failure (HF). Methods and results A total of 286 patients (mean age, 75 years; 29% women) hospitalized for newly diagnosed or exacerbated HF were analysed. Associations between circulating levels of mid-regional pro-adrenomedullin (MR-proADM), copeptin, C-terminal pro-endothelin-1, N-terminal pro-brain natriuretic peptide (NT-proBNP), cystatin C, and all-cause mortality as well as risk of re-hospitalization due to cardiac causes were assessed using multivariable Cox regression models. A two-sided Bonferroni-corrected P-value of 0.05/5 = 0.010 was considered statistically significant. All biomarkers were related to echocardiographic measurements of cardiac dimensions and function. A total of 57 patients died (median follow-up time, 17 months). In the multivariable-adjusted Cox regression analyses, all biomarkers, except C-terminal pro-endothelin-1, were significantly associated with increased mortality: NT-proBNP [hazard ratio (HR) 1.85, 95% confidence interval (CI) 1.17-2.17; P = 4.0 × 10 À4 ], MR-proADM (HR 1.94, 95% CI 1.36-2.75; P = 2.2 × 10 À4 ), copeptin (HR 1.70, 95% CI 1.22-2.36; P = 0.002), and cystatin C (HR 2.11, 95% CI 1.56-2.86; P = 1.0 × 10 À6 ). A total of 90 patients were re-hospitalized (median time to rehospitalization, 5 months). In multivariable Cox regression analyses, NT-proBNP was the only biomarker that showed significant association with risk of re-hospitalization due to cardiac causes (HR 1.43, 95% CI 1.10-1.87; P = 0.009). Conclusions Among patients hospitalized for HF, elevated plasma levels of NT-proBNP, MR-proADM, copeptin, and cystatin C are associated with higher mortality after discharge, whereas NT-proBNP is the only biomarker that predicts the risk of rehospitalization due to cardiac causes.
Introduction
Heart failure (HF) is not only one of our deadliest and most widespread diseases but also one of the most common causes of hospitalization and re-hospitalization. 1 Although the care of patients with HF has improved over the last decades, physicians need better tools to predict adverse events and risk stratify patients hospitalized for HF.
Biomarkers have been shown to have limited value for clinical assessment in addition to traditional risk factors in regard to prediction of cardiovascular disease. 2 However, biomarkers related to inflammation and haemodynamic stress have recently been shown to predict or rule out early postdischarge events in patients hospitalized for acute HF. 3 In particular, creatinine, brain natriuretic peptides (BNPs), proadrenomedullin, and endothelin 1 (ET-1) were all significantly higher in subjects that died because of HF. Furthermore, these four biomarkers also showed additive value in low-risk vs. high-risk prediction of early post-discharge death or HF readmission in patients hospitalized for acute HF. 3 In this study, we analysed the following biomarkers: mid-regional pro-adrenomedullin (MR-proADM), copeptin, C-terminal pro-endothelin-1 (CT-pro-ET-1), N-terminal probrain natriuretic peptide (NT-proBNP), and cystatin C; these are biomarkers associated with cardiovascular stress and the neuroendocrine response it incites as well as renal function to assess their predictive role in relation to mortality and risk of re-hospitalization in a Swedish prospective HF cohort. Finally, because echocardiography is the most common modality to diagnose and grade severity of HF, the plasma levels of the biomarkers were related to echocardiographic measurements of cardiac dimension and function.
Methods

Study population
The HeARt and Brain Failure inVESTigation project in Malmö, Sweden (HARVEST-Malmö), is an ongoing study undertaken in patients hospitalized for HF (ICD-10: I50-) in Skåne University Hospital, Malmö. 4, 5 The inclusion criteria for the HARVEST study are admission to the Department of Cardiology or Internal Medicine for treatment of newly diagnosed or exacerbated HF. The only exclusion criterion is the inability to give informed consent. In case of severe cognitive impairment, informed consent has been collected from relatives.
Between March 2014 and October 2017, a total of 283 consecutive patients hospitalized for HF were included and underwent clinical examination. Of these, 268 patients had complete dataset on all covariates and were included in the present analysis. The study was approved by the ethical review board at Lund University, Sweden. A written informed consent was obtained from all participants.
Clinical examination
After admission to the clinical ward, study participants were examined with anthropometric measurements, and blood samples were drawn after overnight fast. Body mass index was calculated as kg/m 2 , and data regarding the study participants' medication were collected. Prevalent diabetes was defined as either self-reported diagnosis of type 2 diabetes or use of antidiabetic medication. Hypertension was defined as either systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg. 6 A diagnosis of atrial fibrillation was based on previous hospital records or on admission electrocardiography. Information about patients' medication was retrieved at discharge.
Laboratory assays
Analyses of high-density lipoprotein and plasma cholesterol were carried out upon admission at the Department of Clinical Chemistry, Skåne University Hospital, Malmö, participating in a national standardization and quality control system. For the biomarker analyses, blood samples were collected after admission within 24 h in a fasting condition. Blood samples were stored at À80°C. N-terminal pro-brain natriuretic peptide N-terminal pro-brain natriuretic peptide was analysed at the Department of Clinical Chemistry, Skåne University Hospital, Malmö, participating in a national standardization and quality control system using ElectroChemiLuminiscenceImmunoassay (Cobas NPU21571).
Cystatin C Cystatin C was analysed at the Department of Clinical Chemistry, Skåne University Hospital, using an automated particlebased immunoassay (Hitachi Modular P analysis system; Roche, Basel, Switzerland).
Copeptin
Copeptin was measured at baseline using an ultrasensitive assay on KRYPTOR Compact Plus analyzers and a commercial sandwich immunoluminometric assay (Thermo Fisher Scientific, B.R.A.H.M.S Biomarkers) as previously described. 7 The lower detection limit was 0.4 pmol/L, and the functional assay sensitivity (<20% inter-assay coefficient of variation) was less than 1 pmol/L.
Mid-regional pro-adrenomedullin
The MR-proADM levels were analysed at baseline via specific sandwich immunoluminometric assays (KRYPTOR, B.R.A.H.M. S, Berlin, Germany) in EDTA-treated plasma. 8 Mean interassay coefficient of variation was <10%. 9 C-terminal pro-endothelin-1 C-terminal pro-endothelin-1 was measured at baseline using Thermo Fisher Scientific B.R.A.H.M.S CT-pro-ET-1 KRYPTOR. The analytical detection limit of CT-pro-ET-1 was 0.4 pmol/L, and inter-laboratory coefficient of variation was <10% for values >10 pmol/L. 10
Echocardiography
Conventional transthoracic echocardiograms were obtained using a Philips IE33 (Philips, Andover, MA, USA) with a 1-5 MHz transducer (S5-1) or with a GE Vingmed Vivid 7 Ultrasound (GE, Vingmed Ultrasound, Horten, Norway) with a 1-4 MHz transducer (M3S). All studies were performed by experienced sonographers. Cine loops were obtained from standard views (parasternal long axis and apical four chamber DOI: 10.1002/ehf2.12486
Predictive role of cardiovascular biomarkers in post-discharge re-hospitalization risk and mortality and two chamber). Measurements were performed offline using Xcelera 4.1.1 (Philips Medical Systems, The Netherlands) according to the recommendations of the American Society of Echocardiography. 11 Internal left and right ventricular dimensions were measured from parasternal long-axis view at end diastole. Measurements of wall thickness were obtained in two-dimensional end-diastolic parasternal long-axis view. Left ventricular mass (LVM) was calculated according to the Devereux formula: LVM (g) 0.8(1.04[([LVEDD + IVSd + PWd] 3 À LVEDD 3 )) + 0.6. 12 Left ventricular volumes were calculated using the biplane Simpson method of discs, by manual tracing (papillary muscles included in the cavity) in two-dimensional end-diastolic and end-systolic frames defined as the largest and smallest left ventricular cavities, respectively, in apical four-chamber and two-chamber projections. Ejection fraction (EF) was calculated automatically from end-diastolic volume (EDV) and end-systolic volume (ESV) using the following formula: EF = (EDV À ESV) EDV. For assessment of left atrium (LA) volumes, the biplane area-length method was used: LA volume=(0.85 × LA Area 4 ch x LA Area 2ch)/(Longest atrial length). The values were indexed to body surface area. The LA endocardial borders were manually traced in both apical four-chamber and two-chamber views. Right atrium volumes were obtained using a single-plane disc summation technique in a dedicated apical four-chamber view.
Echocardiographic measurements were available in 198 of the study subjects with full data on age, sex, and biomarkers.
Endpoint assessment
Mortality was defined as all-cause mortality during the follow-up and was retrieved from the Swedish National Board of Health and Welfare's Cause of Death Register. Data regarding the re-hospitalization due to cardiac causes were retrieved from the individual electronic medical records of the Skåne Health Care Region (Melior, Siemens Health Services, Solna, Sweden), which cover all the citizens in the study catchment area.
Statistics
The variables are presented as means (± standard deviation) or median [25th-75th inter-quartile range (IQR)]. All variables that were not normally distributed were log transformed (NT-proBNP, cystatin C, copeptin, MR-proADM, and CT-pro-ET-1). Multivariable-adjusted Cox regression models were applied and log transformed, and standardized values of NT-proBNP, cystatin C, copeptin, MR-proADM, and CT-pro-ET-1 were entered as independent variables. Model 1 included age and sex, whereas Model 2 included age, sex, body mass index, diabetes status, smoking, presence of atrial fibrillation, systolic blood pressure at admission, total cholesterol, high-density lipoprotein, and New York Heart Association class at admission. The time variable was calculated as follow-up time between screening and date of the first re-hospitalization, death, or end of follow-up through 1 October 2017. All analyses were performed using SPSS Windows Version 23.0, and a two-sided Bonferroni-corrected P-value of 0.05/5 = 0.010 was considered statistically significant in the Cox regression analysis.
Echocardiographic measurements of cardiac dimensions and hypertrophy (eight different modalities) were tested for possible associations with the five biomarkers in age-adjusted and sex-adjusted linear regression analysis, and a two-sided Bonferroni-corrected P-value of 0.05/13 = 0.0038 was considered statistically significant.
Results
The study population had a mean age of 75 years, were predominantly male (71%), 39% had diabetes, and 59% had previous or prevalent atrial fibrillation at inclusion. A high percentage of the patients received treatment with beta-blockers (92%) and angiotensin-converting enzyme inhibitors/angiotensin II receptor antagonists (78%) ( Table 1) .
During follow-up period (median time, 17 months; IQR ), a total of 57 patients died. The most frequent cause of death was HF (n = 21) followed by cardiac arrest (n = 7), cancer (n = 2), and stroke (n = 2). The remaining death causes (n = 21) consisted of different diagnoses and were defined as 'other' in the database.
A total of 90 patients were re-hospitalized (median followup time, 5 months; IQR [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] ) because of cardiac causes. The most common cardiac causes of re-hospitalization were HF (n = 79) followed by cardiac arrhythmia (n = 10) and myocardial infarction (n = 1).
Biomarkers and mortality
In the Cox regression analyses adjusted for age and sex, all five biomarkers were significantly associated with increased post-discharge mortality ( Table 2 ). In the multivariable analyses, all biomarkers, except CT-pro-ET-1, were significantly associated with mortality: cystatin C [hazard ratio (HR) 2.11, 95% confidence interval (CI) 1.56-2.86; P = 1.0 × 10 À6 ], NT-proBNP (HR 1.85, 95% CI 1.17-2.17; P = 4.0 × 10 À4 ), copeptin (HR 1.70, 95% CI 1.22-2.36; P = 0.002), and MR-proADM (HR 1.94, 95% CI 1.36-2.75; P = 2.2 × 10 À4 ( Table 2) . Receiver operating characteristic curve analyses revealed Bonferronicorrected significant associations for all biomarkers and allcause mortality, except for CT-pro-ET-1: NT-proBNP (HR 0.669, 95% CI 0.590-0.749; P < 0.001), cystatin C (HR 0.722, 95% CI 0.649-0.794; P < 0.001), copeptin (HR 0.671, DOI: 10.1002/ehf2.12486 95% CI 0.597-0.745; P < 0.001), MR-proADM (HR 0.655, 95% CI 0.575-0.734; P < 0.001), and CT-pro-ET-1 (HR 0.589, 95% CI 0.506-0.673; P = 0.036).
Biomarkers and re-hospitalization
In the age-adjusted and sex-adjusted Cox regression analysis, cystatin C and NT-proBNP were the only two of the five biomarkers significantly associated with risk of rehospitalizations due to cardiac causes ( Table 3 ). In the fully adjusted Cox regression Model 2, NT-proBNP was the only biomarker that showed significant association with risk of re-hospitalization due to cardiac causes (HR 1.43, 95% CI 1.10-1.87; P = 0.009) ( Table 3) . Receiver operating characteristic curve analyses revealed Bonferroni-corrected significant area under the curve (AUC) associations for all biomarkers and re-hospitalization, except for borderline significant MR-proADM: NT-proBNP (AUC 0.595, 95% CI 0.525-0.666; P = 0.010), cystatin C (AUC 0.614, 95% CI 0.542-0.687; P = 0.002), copeptin (AUC 0.599, 95% CI 0.530-0.668; P = 0.007), MR-proADM (AUC 0.597, 95% CI 0.524-0.669; P = 0.011), and CT-pro-ET-1 (AUC 0.606, 95% CI 0.537-0.675; P = 0.004).
Biomarkers and echocardiographic measurements
High plasma NT-proBNP levels were robustly associated with reduced systolic left ventricular function as measured by EF ( Table 4 ). MR-proADM and CT-pro-ET-1 were significantly associated with increased right ventricular size ( Table 4 ). Finally, high levels of cystatin C were significantly associated with left posterior left ventricular wall hypertrophy and borderline associated with interventricular septum hypertrophy ( Table 4 ).
Discussion
In this study, among patients hospitalized for newly diagnosed or exacerbated HF, elevated plasma levels of NT-proBNP, cystatin C, copeptin, and MR-proADM were significantly associated with increased post-discharge mortality on top of traditional cardiovascular risk factors. The only biomarker significantly associated with risk of re-hospitalization was NT-proBNP.
Cystatin C
Cystatin C is an established sensitive marker of glomerular filtration 13 and a well-known predictor of cardiovascular disease. 14 In HF patients, the predictive value of cystatin C in regard to mortality is higher compared with creatinine. 15 ACEi, angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; AHT, antihypertensive treatment; ARB, angiotensin II receptor antagonist; BMI, body mass index; CT-pro-ET-1, C-terminal proendothelin-1; DBP, diastolic blood pressure; GFR, glomerular filtration rate; HDL, high-density lipoprotein; HF, heart failure; HT, hypertension; LVEF, left ventricular ejection fraction; MR-proADM, mid-regional pro-adrenomedullin; NT-proBNP, N-terminal probrain natriuretic peptide; SBP, systolic blood pressure.
Values are means (± standard deviation) or median [25th-75th inter-quartile range]. Predictive role of cardiovascular biomarkers in post-discharge re-hospitalization risk and mortality However, although these studies indicate that cystatin C might serve as a marker of disease susceptibility, a causal involvement has been repeatedly counter-proven in Mendelian randomization analyses. 16, 17 Hence, high levels of cystatin C are only regarded as robust markers of kidney function. In this context, it is not unexpected to see that higher levels of cystatin C are strongly associated with mortality in our study. Poor renal function has been shown to increase risk of cardiac remodelling (e.g. left ventricular hypertrophy), 18 and indeed, we found an association between cystatin C and left ventricular hypertrophy, which in itself is a strong predictor of mortality. 19 Moreover, the median glomerular filtration rate value in our cohort was low (mean 45 mL/min), and left ventricular EF was 39%, further implying an interplay between cardiac and renal dysfunction, often referred to as the cardio-renal syndrome.
N-terminal pro-brain natriuretic peptide
N-terminal pro-brain natriuretic peptide is an established biomarker reflecting HF severity and has earlier been associated with adverse outcomes in various HF populations. 20 In our study, NT-proBNP was the only biomarker that predicted rehospitalization. Our results are in line with previous reports where elevated mature BNP levels predicted 30 day readmission for HF in over 50 000 subjects. 21 Our finding that NT-proBNP is associated with reduced left ventricular function is concordant with previous studies. 22 Table 4 Biomarkers associated with echocardiographic measurements CT-pro-ET-1, C-terminal pro-endothelin-1; EF, ejection fraction; IVSDd, interventricular systolic diameter diastole; LA, left atrium; LVIDd, left ventricular inner diameter diastole; LVMI, left ventricular mass index; MR-proADM, mid-regional pro-adrenomedullin; NT-proBNP, N-terminal pro-brain natriuretic peptide; PWDd, posterior wall diameter diastole; RA, right atrium;
RVIDd, right ventricular inner diameter diastole.
β are unstandardized coefficients. Linear regressions are adjusted for age and sex. 
Copeptin
Copeptin is located in the C-terminal section of the arginine vasopressin precursor and is a long-term stable pro-arginine vasopressin surrogate marker. 23 It has been implicated in poor outcome and mortality in numerous diseases such as diabetes, 24 myocardial infarction, 25 and stroke. 26 Copeptin is highly prognostic of 90 day adverse events in patients with acute HF, adding prognostic value to clinical predictors. 27 A recent meta-analysis comprising 10 prospective cohort studies demonstrated that the predictive value of copeptin is comparable with NT-proBNP for all-cause mortality in HF patients. 28 However, the possible use of copeptin as a target in biomarker-guided therapy in clinical practice remains to be investigated.
Mid-regional pro-adrenomedullin
Adrenomedullin is a hormone with vasodilatory, natriuretic, and hypotensive effects. 29 As adrenomedullin is an unstable hormone, its mid-regional prohormone fragment (MR-proADM) is more suitable for measurements, and its concentrations are correlated with those of adrenomedullin. A recent trial that included HF patients demonstrated that MR-proADM predicted mortality within 2 weeks superiorly to both mature BNP and NT-proBNP. When copeptin and MR-proADM were combined, the 14 day mortality prediction improved additionally. In a model where MR-proADM was added to BNP/NT-proBNP, the prediction of 90 day mortality significantly improved. 30 The association between MR-proADM and right ventricular size deserves further comment. Adrenomedullin has previously been proposed to participate in the mechanism that counteracts hypertension in the pulmonary circulation. 31 Compensatory elevated levels of MR-proADM can therefore be expected in conditions that are associated with elevated pulmonary arterial pressure (e.g. decompensated HF) and consequently, right ventricular dilation, as seen here.
C-terminal pro-endothelin-1
Endothelin 1 is a potent vasopressor peptide and positive inotrope that has been implicated in myocardial infarction, 32 hypertension, 33 and HF. 34 The C-terminal fragment of the endothelin-1 prohormone peptide (CT-pro-ET-1) is a stable surrogate marker for the instable ET-1. A recent metaanalysis focused on ET-1, pro-endotelin-1, and CT-pro-ET-1 demonstrated that increased levels of all three isoforms of the endothelin family were associated with poor prognosis or mortality in HF populations. 35 In the light of increased ET-1 levels and their association with elevated pulmonary vascular resistance, which in turn leads to right ventricular dilatation and failure, our association between CT-pro-ET-1 levels and right ventricular diameter are sound and logical. As ET-1 is highly expressed in the lung, it can contribute to a strong vasoconstriction of the pulmonary arteries and veins and, consequently, to pulmonary hypertension.
In summary, progression of HF evokes abnormal neurohormonal compensatory responses. Measurements of biomarkers of neurohormonal systems could serve as novel tools for risk prediction in HF patients. However, it is necessary to emphasize that their clinical utility should be a target of further exploration. Taken together, our findings consolidate some of the prior observations on cardiovascular risk biomarkers and their predictive potential in relation to adverse outcomes in HF patients.
Study limitations
There are several strengths and limitations to this study. As we included patients admitted for new or worsening HF, with inability to deliver informed consent to the study as only exclusion criteria, our study population is most likely representative of the real-life clinical experience. However, our data were collected at a single centre, and the sample size was relatively small, which limits their applicability to other populations of HF patients. Moreover, the subjects included in HARVEST-Malmö were mainly of European descent, and the conclusions drawn might not be generalizable to all ancestries.
Conclusions
Among patients hospitalized for HF, elevated plasma levels of NT-proBNP, MR-proADM, copeptin, and cystatin C are significantly associated with increased post-discharge mortality, whereas NT-proBNP is the only biomarker that independently predicts the risk of re-hospitalization.
